ABSTRACT: A series of inorganic-organic hybrid materials, (1H,3H-cyt) 2 [M(ox) 2 (H 2 O) 2 ] [M(II) ) Mn (1), Co (2), Cu (3), Zn (4)] have been synthesized by the reaction of cytosine with water-soluble oxalato complexes at acidic pH. Crystallographic studies reveal that all compounds display a supramolecular three-dimensional lamellar structure knitted by wide layers of metal-oxalato complexes and planar hydrogen-bonded one-dimensional (1D) ribbonlike aggregates of protonated cytosine. The crystal building resembles that previously reported (García-Terán, J. P., et al. Inorg. Chem. 2007, 46, 3596) for the analogous 1H,9H-adeninium compound, and it is driven, in addition to electrostatic forces, by a complex network of hydrogen bonds. Nevertheless, the smaller size of the nucleobase and its different self-assembling 1D pattern lead to dissimilar molecular recognition interactions between the organic and the inorganic frameworks, which are discussed in detail.
Introduction
Over the past few decades, there has been a substantial research effort on rational design and elaboration of biomimetic systems 2 based on the interaction of nucleic acids and their building units with a wide range of both organic and inorganic frameworks. 3 The interest of these systems stems from the desire to better understand the complex interactions often present in a great diversity of molecular biorecognition processes 4 and to offer a powerful tool for the efficient synthesis of advanced functional materials with tailor-made properties and potential applications for the therapeutic medicine 5 and the material sciences. 6 Most of the studies concerning DNA/RNA nucleobases have been realized in gas phase or aqueous media, 7 but notable advances have been made in the solid-state chemistry such as (without being exhaustive): (a) the design and improvement of chemical biology tools and/or pharmaceutical agents, 8 (b) the building of high-dimensional covalent architectures containing nucleobases as bridging or terminal ligands, 9 (c) the stabilization of noncanonical tautomers through interactions with metallic ions 10 and/or hydrogen-bonding donor/acceptor species, 1, 11 and (d) the development of artificial receptors for specific DNA/RNA bases recognition for their use as nucleotide sensors or for the determination of low concentrations of therapeutic agents. 12 Following these lines of investigation, we have recently reported the elaboration and solid-state characterization of supramolecular architectures isolated from aqueous solution at physiological pH in which adenine aggregates reside between neutral one-dimensional (1D) metal-oxalato-water complexes to build sheetlike structures containing sequentially arranged organic and inorganic layers. 13 The design of non-natural receptors for biomolecules is an area of active research, examples being hosts for biologically interesting guests such as barbituric acid derivatives, creatinine, or nucleobases. 14 Now, employing similar synthetic routes, we have succeeded in incorporating the protonated cytosine nucleobase into a metal-oxalato matrix to afford the compounds (1H,3H-cyt) 2 [M(ox) 2 (H 2 O) 2 ] (M(II) ) Mn (1), Co (2), Cu (3), and Zn [4] ). Structural analysis of artificial systems based on cytosine and/or its protonated forms can be useful to further understand natural recognition processes involving this pyrimidine nucleobase. Protonated cytosine is present in many biochemical processes (i.e., enzymatic reactions, stabilization of triplex structures) 15 and plays a key role in a newly emerging feature of nucleic acid chemistry, namely, acid-base catalysis. 16 We have chosen cytosine replacing adenine as organic building block to construct analogous hybrid materials for the following reasons. First, the inorganic-organic interaction in the (1H,9H-adeninium) 2 [Cu(ox) 2 (H 2 O) 2 ] compound is essentially maintained by two eight-member hydrogen-bonded R Experimental and theoretical analysis on the interaction of DNA/ RNA constituents and protein building blocks 17 have shown that the last charge-assisted hydrogen bond motif exists in adeninium systems, 18 but it is also a dominant association pattern of the protonated cytosine in both biological 19 and artificial systems 20 implying the N4H/N3H edge of the nucleobase and the carboxylate groups of the amino acid (Scheme 1). Second, a perusal of the crystallographic information concerning highdimensional aggregates of the cytosine nucleobase shows that the two previously reported homomeric self-assembling 1D patterns 21, 22 for cytosinium cations are sustained by a single interaction via the exocyclic O-atom and one hydrogen atom of the N4 amino group, leaving the N4H and N3H sites as free hydrogen-bonding positions to afford forklike interactions with the carboxylate-O atoms. Third, density functional theory calculations including the presence of one [M(ox) 2 ] 2-fragment in all of its possible dispositions around the cytosinium cation seem to indicate that the structural synthons found in the adeninium compound are also quite robust for assembling the cytosinium and oxalato-containing complexes.
Compounds 1-4 display the desired layered supramolecular structure in which homomeric cationic nucleobase ribbons are inserted between two-dimensional (2D) hydrogen-bonded sheets of metal-oxalato complexes. Nevertheless, the dissimilar arrangement of the cytosine entities along the cationic ribbon and its smaller size, with only a pyrimidinic ring, produces a different orientation of the organic and inorganic frameworks and thwarts the aforementioned forklike hydrogen-bonding interactions.
Strategies for creating reliable, reproducible inorganic-organic solid networks often depend on the combination of components that contain complementary hydrogen-bonded functionalities. 23 However, there are still many challenges to realize these tailormade hybrid materials because the structural control is often thwarted by the delicate balance of all covalent and noncovalent forces present in the crystal building, and a slight modification of a molecular component may result in the failure to achieve the desired supramolecular interactions or even the overall threedimensional (3D) architecture. 
(1H,3H-cyt) 2[Co(ox)2(H2O)2] (2). The synthesis for compound 2 is similar to that described for 1 but replacing Mn(ox) · 2H 2O by Co(ox) · 2H 2O (0.026 g, 0.14 mmol). Again, acidification with H2C2O4 0.1 M leads to 2 as a pinkish precipitate. Pink crystals suitable for X-ray determination were obtained from the mother liquid (pH 5.6) after few days. Found: C, 28.96; H, 3.18; N, 17.00; Co, 11.78. C 12H16CoN6O12 requires C, 29.10; H, 3.26; N, 16.97; Co, 11.90%. FT-IR: ν max(KBr pellet)/cm -1 : 3368s (ν(O-H) + ν (N1-H) + ν (N3-H)); 3217s, 3116s, 3073sh ν s(NH2); 3007m, 2944sh, 2909s ν (C5-H); 2859w, 2711w ν (C 6-H); 1717vs ν (C5dC6); 1680s, 1645vs νas(O-
(1H,3H-cyt) 2 
(1H,3H-cyt)2[Zn(ox)2(H2O)2] (4). The synthesis for compound 4 is similar to that described for 1 but replacing Mn(ox) · 2H 2O by Zn(ox) · 2H 2O (0.027 g, 0.14 mmol). Likewise, after acidification with H 2C2O4 0.1M, a white powder of 4 precipitates. Colorless X-ray quality single-crystals are obtained by evaporation from the mother liquid (pH 4.8). Found: C, 28.62; H, 3.11; N, 16.85; Zn, 12.90. C 12H16N6O12Zn requires C, 28.73; H, 3.21; N, 16.75; Zn, 13.03%. FT-IR:
It is necessary to note that the yields of the above-described synthetic methods are usually below 30% and that they have been employed to obtain suitable specimens for the X-ray single-crystal diffraction analysis. Nevertheless, pure powder samples of all the compounds can also be obtained in almost quantitative yield by slow acidification at pH below 4.0. The purity and homogeneity of these polycrystalline samples were checked by IR spectroscopy, elemental analysis, and X-ray powder diffraction methods.
Physical Measurements. Elemental analyses (C, H, N) were performed on a Perkin-Elmer 2400 microanalytical analyzer. Metal content was determined by absorption spectrometry. The IR spectra (KBr pellets) were recorded on a FTIR Mattson 1000 spectrometer in the 4000-400 cm -1 spectral region. Thermal analyses (TG/DTA) were performed on a TA Instruments SDT 2960 thermal analyzer in a synthetic air atmosphere (79% N 2/21% O2) with a heating rate of 5°C min -1 . X-ray Structural Studies. Diffraction data were collected at 293(2) K on an Oxford Xcalibur diffractometer with graphite-monochromated Mo-K R radiation (λ ) 0.71073 Å). The data reduction was done with the CrysAlis RED program. 26 Structures were solved by direct methods using the SIR 92 program 27 and refined by full-matrix least-squares on F 2 including all reflections (SHELXL97). 28 All calculations were performed using the WinGX crystallographic software package. 29 Crystal parameters and details of the final refinements of compounds 1-4 are summarized in Table 1 .
Computational Details. All the quantum mechanical calculations of geometry optimizations have been carried out in gas phase using the density functional theory with Becke's three-parameter exchange functional 30 along with the Lee-Yang-Parr nonlocal correlation functional (B3LYP). 31 The standard 6-31G(d) basis set was used as implemented in the Gaussian03 program. 32 It is well known that although the B3LYP functional method might not be suitable for the consistent study of the whole range of the DNA base interactions due to its insufficiency in describing the dispersion interactions, it predicts reliable interaction energies for hydrogen bonded systems.
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The interaction energies were corrected for the basis set superposition error (BSSE) using the standard Boys-Bernardi counterpoise correction scheme. Figure 1 . Selected bond lengths and angles for the coordination polyhedron are gathered in Table 2, whereas Table  3 lists the structural parameters of the noncovalent interactions between the building units.
The coordination polyhedron of the metal atom, which sits on a crystallographic inversion center, is a distorted octahedron with an equatorial plane formed by four oxygen atoms from two bidentate oxalato ligands and with water molecules in the axial sites to give a O 4 (O w ) 2 donor set. The equatorial chelated rings are nearly planar, and the M-Ow axial bonds are longer than the equatorial bonds in good agreement with the axial elongation found in other trans-diaquabis(oxalato-O,O′)-metalate(II) complexes. 1, 35 This effect is more marked for compound 3 owing to the expected tetragonal Jahn-Teller elongation of the copper(II) octahedron.
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Adjacent anionic complexes are joined by means of short hydrogen bonds O1w-H · · · O ox giving rise to sheets that spread out along the crystallographic bc plane (Figure 2a) . The anionic complexes are oriented in two different directions which form between them an angle of 63°to give a layer with a thickness Displacements ellipsoids are drawn at 50% probability. Symmetry code: -x, 2 -y, 2 -z. 
of ca. 6.5 Å. The space between the anionic layers is occupied by perpendicularly arranged organic cations that cross-link the nearest-neighbor layers by means of N-H · · · O hydrogen bonds to afford the predicted supramolecular inorganic-organic hybrid 3D architecture (Figure 2b) . Furthermore, cytosinium cations undergo association along the b axis through intermolecular hydrogen bonding to form ribbon-like 1D supramolecular aggregates in which the nucleobases are coplanar.
Nucleobases, either protonated or nonprotonated, have multihydrogen-bonding sites of special geometry arrangement in such a way that they have a great tendency to form extended aggregates. Autoassembly into high-dimensional nanoscale arrangements (ribbons, monolayers, or even bilayers) stabilized by hydrogen bonds between molecules is common, especially when the neutral nucleobases are deposited onto various insulating or metal surfaces. 37 Compounds isolated from solution show a strong competition for all the important hydrogenbonding donor and acceptor sites, 38 and as a consequence highorder aggregates are not usual. The crystal structures of nearly 80 compounds containing the canonical 1H-tautomer of cytosine or its protonated forms have been retrieved from the Cambridge Structural database (CSD, May 2007 release), 39 and five different 1D nucleobase patterns have been found (Figure 3) . Neutral cytosine is usually coordinated to metallic centers and 1D homonucleobase aggregates (A) are only observed in the crystal structure of cytosine 40 and cytosine monohydrate 41 in which nucleobases are linked by means of N1-H · · · N3 and N4-H · · · OdC hydrogen bonds. Nucleobase protonation seems to increase the possibility of self-aggregation and the number of available crystal structures with cationic 1D ribbons is greater. Mixed cytosine-cytosinium systems contain base pairs connected by three hydrogen bonds, two of which involve the N4 hydrogen bond donors and O2 hydrogen bond acceptors, while the third is formed between the protonated N3 atom of one base and the unprotonated N3 site of the other base, thus resembling a pseudo-Watson-Crick pattern. Furthermore, the adjacent CytHCyt + pairs are held together by double N1H · · · OdC 42, 43 or N4H · · · OdC 18d,43 hydrogen bonds leading to two different types of 1D supramolecular polymeric ribbons (B, C) with alternating neutral and protonated cytosine entities. Concerning the 1H,3H-cytosinium cation, two 1D self-assembling patterns (D, E) have been reported, and both are sustained by means of a single N4-H · · · O2 hydrogen-bonding interaction. The organic ribbon in compounds 1-4 exhibits an E type self-assembled pattern with donor · · · acceptor distances [from 2.977(3) to 3.034(3) Å] similar to those found for previously reported cytosinium chains (ranging from 2.759 to 3.031 Å). 21, 22 The number of free hydrogen-bond sites (including the N4 and N3 sites) in the D and E arrangements is greater than that provided by other chains, and therefore, the demanding conditions for more extensive secondary hydrogen-bonding interactions with the carboxylate-O atoms of adjacent inorganic complexes are better fulfilled by these cytosinium-cytosinium self-assembling patterns.
Interactions between nucleobases and carboxylate groups have been extensively studied both in solution and by X-ray crystallographic methods to understand the elementary stereochemical patterns in protein-nucleic acid recognition mechanisms involving amino acid carboxylic groups. 17 One of the most frequent interactions for 1H,3H-cytosinium and 1H,9H-adeninium systems is a charge-assisted planar R 2 2 (8) hydrogen bond connecting the HN exo -C-NH fragment of the protonated nucleobase (N4H/N3H edge of cytosine, Watson-Crick N6H/N1H edge of adenine) as donor sites and the O-atoms of one anionic carboxylate entity as acceptor group (Scheme 1). The efficiency of the molecular recognition pattern is so high that in some cases the N1/N3 position of a neutral nucleobase has become protonated by the proton transfer from the carboxylic groupupon a molecular recognition process. 44 The biological and chemical importance of this forklike hydrogen-bonding interaction for the cytosine nucleobase is reflected by its participation in the active sites of several enzymes that catalyze chemical transformations of cytidine such as deamination to uridine 45 or hydroxymethylation, 19 and by the crystallographic information retrieved from 22 X-ray structures compiled in the CSD containing cytosinium entities and anionic carboxylate moieties. Fourteen of them exhibit this structural synthon, and the coordination of the nucleobase or its dimerization to form the highly stable three hydrogen-bonded CytHCyt + base pair 46 precludes the interaction in the remaining crystal buildings. The organic-inorganic assembling of the above-cited (1H,9H-adeninium) 2 In the light of the above considerations, it occurred to us that the pyrimidine nucleobase could be, a priori, exploited as an organic motif for the crystal engineering of self-assembled hybrid structures resembling that previously reported for the 1H,9H-adeninium cation. This assumption was confirmed by the overall sheetlike structure of compounds 1-4, but the projected forklike interactions are absent owing to the distinctive features of the self-assembling pattern of the nucleobase ribbons.
In the case of the 1H,9H-adeninium compound, the protonated Watson-Crick face of the cations (H6-N6-C6-N1-H) are alternately placed in both sides of the 1D aggregate with a distance of 11.649 Å between two consecutive ones, which allows the coplanar stacking of the [Cu(ox) 2 ] fragments close to both sides of the nucleobase ribbon. 1 The length of a [M(ox) 2 ] fragment is around 10.5 Å, and monomer-monomer distances ranging from 11 to 12.0 Å have been previously reported for crystal structures with a coplanar stacking of diaquabis(oxalato)metallate anions. 47 The coplanar organic-inorganic disposition makes easier the establishment of forklike interactions with both sides of the ribbon, one of them linked to the O ox -Cu-O ox fragments, while the opposite one attached to O-C-O carboxylato groups of the adjacent inorganic sheet.
At first sight, a type D ribbon pattern of cytosinium would then be adequate to provide a coplanar stacking of the structural entities because the N4H/N3H edges are also alternately placed along the 1D aggregate with a distance of 13.5 Å between two consecutives ones. 22 Nevertheless, compounds 1-4 show a 1D aggregate of type E in which the N4H/N3 faces of the cytosinium cations are located on the same side of the ribbon with a distance of ca. 7.0 Å (coincident with the crystallographic b-parameter). This value matches very well with those found for other chains of this type (ranging from 6.870 to 7.110 Å), 21 and it is not long enough to allow the coplanar stacking of [M(ox) 2 ] fragments along the nucleobase ribbon, so that the nearest anionic complexes are twisted to avoid steric hindrances, and dihedral angles between the planar ribbons and the [M(ox) 2 DFT calculations have been performed to check the stability of the hydrogen-bonding environment around the cytosinium moiety. Hydrogen-bond lengths in the optimized structure show trends similar to those found in compounds 1-4, but absolute values are shorter in the calculated structure with N4 · · · O1w and N3 · · · O13 distances of 2.834 and 2.598 Å, respectively. The observed hydrogen-bonded R 3 2 (8) interaction has not been previously reported in nucleobase artificial systems, but it resembles that found in the end cap of the binding pocket of the vaccinia VP39 virus protein 48 used to discriminate alkylated from nonalkylated nucleobases, and it has been also found in a handful of crystal structures involving the melaminium cation and carboxylate groups. The robustness of the overall supramolecular 3D architecture is confirmed by the high thermal stability of the compounds for which thermal degradations in synthetic air take place above 170°C without clear discrimination of the lost weight attributable to the coordinated water molecules and the pyrolysis of the organic molecules.
Conclusion
In this work, we have clearly demonstrated that metal-oxalato systems can act as receptors of highly ordered cytosine architectures, as previously thought on the basis of the experimental data provided by our previous research about oxalato-adenine systems. As the adeninium compounds, the supramolecular 3D assembling of the structural units is again driven, together with the electrostatic forces, by a synergy of three types of molecular recognition: (a) between nucleobase cations which leads to the organic ribbon form, (b) between ribbons of nucleobases and anionic complexes, and (c) between complex anions within the inorganic layers to complete the very effective set of interactions and to build the closely packed structures. Nonetheless, the distinctive self-assembling 1D pattern of the 1H,3H-cytosinium and 1H,9H-adeninium cations results in dissimilar hydrogen-bonding motifs between the nucleobases and the metal-oxalato frameworks, and as a consequence, produces relevant changes in the structural parameters of these organic-inorganic hybrid materials. This study can contribute to a further understanding of the molecular recognition processes between nucleobases and artificial receptors and is therefore relevant to biological inorganic chemistry.
